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Directional transport of the phytohormone auxin is established primarily at the point of cellular efflux and is required for the

establishment and maintenance of plant polarity. Studies in whole plants and heterologous systems indicate that PIN-

FORMED (PIN) and P-glycoprotein (PGP) transport proteins mediate the cellular efflux of natural and synthetic auxins.

However, aromatic anion transport resulting from PGP and PIN expression in nonplant systems was also found to lack the

high level of substrate specificity seen in planta. Furthermore, previous reports that PGP19 stabilizes PIN1 on the plasma

membrane suggested that PIN–PGP interactions might regulate polar auxin efflux. Here, we show that PGP1 and PGP19

colocalized with PIN1 in the shoot apex in Arabidopsis thaliana and with PIN1 and PIN2 in root tissues. Specific PGP–PIN

interactions were seen in yeast two-hybrid and coimmunoprecipitation assays. PIN–PGP interactions appeared to enhance

transport activity and, to a greater extent, substrate/inhibitor specificities when coexpressed in heterologous systems. By

contrast, no interactions between PGPs and the AUXIN1 influx carrier were observed. Phenotypes of pin and pgp mutants

suggest discrete functional roles in auxin transport, but pin pgp mutants exhibited phenotypes that are both additive and

synergistic. These results suggest that PINs and PGPs characterize coordinated, independent auxin transport mechanisms

but also function interactively in a tissue-specific manner.

INTRODUCTION

The principal natural auxin, indole-3-acetic acid (IAA), is a phy-

tohormone that is polarly transported from sites of synthesis to

distal sites of activity. IAA is an amphipathic weak acid that

diffuses through cellular membranes only when protonated

(IAAH) and is membrane-impermeant at neutral cytosolic pH

(Goldsmith and Goldsmith, 1977; Blakeslee et al., 2005b; Li et al.,

2005). Experimental evidence indicates that IAA is taken up into

cells by a combination of lipophilic diffusion, proton-driven

anionic (IAA�) symport via AUXIN/LIKE-AUXIN (AUX/LAX) per-

meases (Bennett et al., 1996; Yang et al., 2006), and ATP-

dependent uptake mediated by at least one inwardly directed

P-glycoprotein (PGP) (Santelia et al., 2005; Terasaka et al., 2005).

Cellular IAA� export has been shown to be mediated by both the

PIN-FORMED (PIN) efflux carrier proteins (Chen et al., 1998;

Luschnig et al., 1998; Petrášek et al., 2006) and a subset of PGPs

functioning as ATP-activated hydrophobic anion carriers (Geisler

et al., 2005; Bouchard et al., 2006; Petrášek et al., 2006). Each of

these proteins exhibits tissue-specific expression and subcellu-

lar localization patterns. In some tissues, the localization patterns

of characterized PINs and PGPs overlap, and in other tissues,

they do not (summarized in Supplemental Figure 1 online). For

instance, PIN1 and PGP1 colocalize at shoot apices, and PIN2

coincides with PGP1 in epidermal cells proximal to the lateral

root cap (Reinhardt et al., 2003; Geisler et al., 2005; Heisler et al.,

2005). However, it is not clear whether colocalizing PINs and

PGPs interact to affect the direction, velocity, or specificity of

transported substrates.

PINs are members of the unique auxin efflux carrier (TC 2.A.69)

protein family with predicted membrane topology similar to ion-

coupled members of the major facilitator (TC 2.A.1) transport

protein family (Müller et al., 1998). The PIN family in Arabidopsis

thaliana consists of eight expressed members. Mutations in pin

genes result in phenotypes consistent with altered auxin trans-

port ranging from pin-formed inflorescences in pin1 to agravi-

tropic roots in pin2 (Chen et al., 1998; Gälweiler et al., 1998;

Luschnig et al., 1998). However, some pin mutants, such as

pin4, exhibit no obvious phenotypes (Friml et al., 2002a).

PIN proteins have been shown to independently activate auxin

transport in both plant and heterologous cell expression systems

(Chen et al., 1998; Luschnig et al., 1998; Petrášek et al., 2006).
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However, it is still not clear whether the substrate specificity of

auxin transport in whole plants and protoplasts (Geisler et al.,

2005; Bouchard et al., 2006) can be attributed to PIN proteins

alone. In heterologous expression systems, PIN expression

activated the efflux of IAA and the artificial auxin 1-naphthylene-

acetic acid, but it also activated the efflux of benzoic acid (BA), a

weak acid that is not polarly transported in planta (Petrášek et al.,

2006). Furthermore, auxin efflux activity in untransformed BY-2

cells with no detectable background PIN expression was sub-

stantially sensitive to the auxin efflux inhibitor naphthylthalamic

acid (see Figure 2B in Petrášek et al., 2006), which may be

attributable in part to endogenous PGP activity.

PIN-mediated auxin efflux appears to be sufficient to establish

and maintain the polarity of plant development, as the profound

defects in organismal polarity found in double and triple pin

mutants (Benkova et al., 2003; Blilou et al., 2005) have not been

seen in pgp or aux1/lax mutants to date. Mutational, develop-

mental, and cell biological evidence unequivocally demonstrates

that PINs are responsible for determining the vector of auxin

transport (Weijers et al., 2005; Wisniewska et al., 2006).

PGPs are plant homologs of the integral membrane ATP

binding cassette (TC 3.A.1) phosphoglycoproteins (ABCB/

MDR/PGP) that mediate the efflux of chemotherapeutics from

human cells. PGPs share a common mechanism whereby they

bind membrane-embedded amphipathic substrates and move

them to the surface of the opposing membrane leaflet in an ATP-

dependent manner (Ambudkar et al., 2005; Blakeslee et al.,

2005b; Callaghan et al., 2006; Dawson and Locher, 2006; Yin

et al., 2006). Compared with humans, in which six PGP isoforms

are found, the plant PGP subfamily is expanded (21 expressed

members in Arabidopsis and 17 in rice [Oryza sativa]) and exhibits

more sequence diversity (Martinoia et al., 2002; Geisler and

Murphy, 2006). Some PGPs are not apparently involved in auxin

transport. Cj MDR1 from the medicinal plant Coptis japonica,

which exhibits domain-specific divergence from auxin-trans-

porting PGPs, exhibits specificity for alkaloids such as berberine

(Yazaki et al., 2001). However, no plant PGP identified to date

exhibits the type of broad-substrate specificity associated with

the mammalian PGP1.

Mutations in Arabidopsis, maize (Zea mays), and sorghum

(Sorghum bicolor) PGP genes result in reduced long-distance

auxin transport, reduced auxin loading in apical tissues, and

hypomorphic/hypertropic growth phenotypes consistent with

altered auxin movement (Noh et al., 2001; Geisler et al., 2003,

2005; Multani et al., 2003; Lin and Wang, 2005; Santelia et al.,

2005; Terasaka et al., 2005). However, pgp double mutants

exhibit only minor alterations in organ polarity, suggesting that

PGPs are not required for the basal levels of auxin movement

required for normal early development. ATPGP1, PGP19/

ATMDR1, and PGP4 (hereafter referred to as PGP1, PGP19,

and PGP4, respectively) have been shown to mediate the

energy-dependent movement of auxins and, to a lesser extent,

other aromatic carboxylate compounds, but not that of common

hydrophobic substrates of mammalian PGPs (Noh et al., 2001,

2003; Geisler et al., 2003, 2005; Terasaka et al., 2005; Bouchard

et al., 2006). The apparent mechanism of PGP-mediated auxin

efflux is consistent with a role in excluding auxin reuptake from

the plasma membrane (Blakeslee et al., 2005b).

Previous reports suggested that PGPs regulate the plasma

membrane stability of PIN proteins and that there might be

specific PIN–PGP protein interactions (Noh et al., 2003). In

Arabidopsis, PIN1 was found to be delocalized in xylem paren-

chyma cells of hypertropic pgp19 hypocotyls, but not in pgp1

hypocotyls that exhibited relatively normal rates of tropic bend-

ing. These results suggest a more direct interaction between

PIN1 and PGP19 than between PIN1 and PGP1. A precedent for

a synergistic interaction is found in yeast, in which a genetic

interaction between the ABC pleiotropic drug resistance protein

transporter PDR5p and the hexose major facilitator protein

transporters HXT11 and HXT9 has been demonstrated (Nourani

et al., 1997).

We focused our attention on the best characterized PINs (PIN1

and PIN2) and PGPs (PGP1, PGP4, and PGP19) and examined

their spatial, biochemical, and functional relationships in planta

and in heterologous expression systems. Here, we present an

analysis of combined pin and pgp mutant phenotypes and PIN/

PGP colocalization in planta. We also analyze direct and func-

tional PIN–PGP interactions in vitro and in heterologous systems.

We show that PIN–PGP interactions can enhance substrate

specificity and activate (or antagonize) the direction of cellular

auxin transport across the plasma membrane. Finally, for con-

trast, we analyze PIN and PGP interactions with the AUX1 auxin

permease (TC 2.A.18) and, consistent with aux1 growth pheno-

types (Bennett et al., 1996; Marchant et al., 1999), find no

evidence of direct interactions of either protein with AUX1.

RESULTS

PGP19 mRNA and Protein Localization

The tissue-specific distribution patterns of PGP19 have not

previously been described in detail; this information is important

for understanding where PGP19 functions in the plant. In situ

hybridization analysis showed that PGP19 was strongly ex-

pressed throughout the cotyledonary node and throughout the

upper hypocotyl of light-grown seedlings (Figures 1A to 1D, 1G,

and 1H). PGP19 expression was increasingly restricted to the

vascular tissue in hypocotyl regions distal to the node (Figure 1E).

By contrast, PGP19 expression in dark-grown seedlings was

observed throughout the hypocotyl (Figure 1F). PGP19 was also

strongly expressed throughout the root (Figures 1I and 1J). This

finding is consistent with previously published b-glucuronidase

(GUS) expression analysis (Noh et al., 2001). PGP19 expression

increased by 5-fold in dark-grown wild-type and pgp1 seedlings,

whereas PGP1 expression increased by 14- and 8-fold in dark-

grown wild-type and pgp19 seedlings, respectively. In real-time

quantitative PCR analysis of upper inflorescence stems, PGP19

expression was enriched by approximately twofold in the inner

tissues compared with the outer tissues, whereas PGP1 was

equally expressed, consistent with microarray data (Suh et al.,

2005).

A PGP19-specific antiserum was prepared to a peptide de-

rived from the soluble loop region of the protein (see Methods).

Neither the preimmune serum in the wild type nor the PGP19

antiserum in pgp19 hypocotyls or roots had a signal (Figures 1O,

1P, 1U, and 1V). Using this PGP19 antiserum in the wild type,
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Figure 1. PGP19 Localization in Light- and Dark-Grown Seedlings.

(A) to (J) Localization of PGP19 expression using in situ hybridization in 7-d-old seedlings. All seedlings are wild type (Wassilewskija [Ws]) unless

indicated otherwise. Bars ¼ 50 mm.
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PGP19 localization coincided with PGP19 expression in the

hypocotyls of light- and dark-grown seedlings (Figures 1K to 1N,

1Q, and 1R). In whole mount roots, a PGP19 signal at the plasma

membrane was more abundant on the lower end of cells in the

epidermis, cortex, and stele (Figures 1S and 1T); this signal was

stably associated with the formation of lower cell walls (Figures

1S and 1T). However, the PGP19 signal was not associated with

early cell plate formation, as seen with the cytokinesis marker

KNOLLE (Figure 1W), indicating that PGP19 is not associated

with early cell plate formation. Apolar PGP19 signals were

observed in the pericycle, endodermis, and newly divided pro-

vascular cells of roots (Figures 1S and 1T).

PGP19 Functions in Long-Distance Auxin Transport

and Auxin Retention in the Stele

Detailed analysis of auxin movement and mutant phenotypes

indicates that PIN1 mediates the vectorial movement of auxin

from the shoot apex to the root apex as well as localized auxin

flow required for embryogenesis and aerial organ development

(Tanaka et al., 2006). Consistent with localization in apical tissues

(Figures 1G, 1K, 1S, and 1T), PGP19 appears to function coor-

dinately with PGP1 in loading of auxin into basipetal streams at

the shoot and root tip (Blakeslee et al., 2005b). However, PGP19

also plays an additional role in long-distance auxin transport, as

shoot basipetal IAA transport is reduced by >50% in pgp19 (Noh

et al., 2001) compared with a reduction of 27 6 12% in pin1-7

using the same methods. This finding is consistent with PGP19

localization in the vascular bundle and immediately adjacent

cells (Figures 1M, 1S, and 1T).

The localization of PGP19 in the root endodermis and pericycle

suggests that PGP19 may enhance long-distance transport by

preventing auxin entry into the plasmalemma of the cell layer

adjacent to the primary vascular transport stream. We designed

an experiment to measure the escape of auxin from the polar

vascular stream by collection and counting of discontinuous

cellulose/silica gel media strips supporting the mature portion of

the seedling root (see Methods). Enhanced [3H]IAA efflux out of

the stele was observed in pgp19 roots but not in wild type or

pgp1 roots (P < 0.001; Figure 1X). A prediction from this model

would be that increasing the auxin flux through the vascular

stream would overwhelm the PGP19-mediated barrier effect and

result in enhanced auxin export into the nonstelar apoplast.

Consistent with that prediction, increasing the auxin flux by the

addition of an extra 100 pmol of cold IAA resulted in increased

stelar [3H]IAA efflux in the wild type and pgp1 but not in pgp19

Figure 1. (continued).

(A), (C) to (F), (H), and (J) Antisense probe.

(B), (G), and (I) Sense probe.

(A) to (E) and (G) to (J) Light-grown seedlings.

(F) Dark-grown seedling.

(A) Cotyledonary node and upper hypocotyl longitudinal section with an antisense probe shows signal in the vascular bundle.

(B) Cotyledonary node and upper hypocotyl longitudinal section with a sense probe shows no signal.

(C) Cotyledonary node cross section shows strong signal throughout the node.

(D) Upper hypocotyl (UH; below the cotyledonary node) cross section shows signal throughout the hypocotyl.

(E) Mid hypocotyl (MH) cross section shows signal restricted to the vascular bundle.

(F) Mid hypocotyl cross section of a dark-grown seedling shows signal throughout the hypocotyl.

(G) Hypocotyl cross section with a sense probe shows no signal.

(H) Hypocotyl cross section of a light-grown pgp19 seedling with an antisense probe shows no signal.

(I) Root cross section with a sense probe shows no signal.

(J) Root cross section with an antisense probe shows strong signal throughout the root.

(K) to (U) Immunohistochemical localization of PGP19 using PGP19-specific antiserum, unless indicated otherwise. All are 7-d-old wild-type (Ws)

seedlings unless indicated otherwise. Bars ¼ 50 mm.

(K) to (Q) and (S) to (W) Light-grown seedlings.

(N) and (R) Dark-grown seedlings.

(K) Cotyledonary node cross section shows strong signal throughout tissue.

(L) Upper hypocotyl (below the cotyledonary node) cross section shows signal throughout tissue.

(M) Mid hypocotyl cross section shows signal in the vascular bundle.

(N) Mid hypocotyl cross section of a dark-grown seedling shows signal throughout tissue.

(O) Cotyledonary node cross section of a pgp19 seedling does not show signal.

(P) Hypocotyl cross section of a pgp19 seedling does not show signal.

(Q) Bright-field overlay of (M).

(R) Bright-field overlay of (N).

(S) Whole mount root tip of a 5-d-old light-grown seedling shows signal in the stele, endodermis, pericycle, and cortex.

(T) Detail of the root tip shown in (S).

(U) Preimmune serum in whole mount root tip of a 5-d-old seedling does not show signal.

(V) Whole mount root tip of a 5-d-old pgp19 seedling does not show signal.

(W) KNOLLE, using anti-KNOLLE (green), signal localizes at the cell plate during cytokinesis in a 5-d-old seedling.

(X) Movement of [3H]IAA from stelar flow into the cortical/epidermal apoplast of mature root tissues before (gray bars) and after (black bars) application

of additional cold IAA to the root–shoot transition zone. [3H]IAA was initially applied to the shoot apex in a discontinuous system to establish polar flow.

Data are means 6 SD (n ¼ 10).
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(Figure 1X). This result is consistent with an increased lateral

movement of auxin, presumed to be a factor in the hypergravi-

tropic bending observed in pgp19 mutants (Noh et al., 2003).

PIN1 mRNA and Protein Localization

in Arabidopsis Hypocotyls

PIN1 is abundant in inflorescence apices (Reinhardt et al., 2003;

Heisler et al., 2005), and PIN1 expression becomes restricted to

vascular tissues below the apex with >10-fold enrichment in the

inner tissues of upper inflorescences in real-time quantitative

PCR analysis, consistent with previous data (Gälweiler et al.,

1998; Suh et al., 2005). By contrast, PIN7 expression was

enriched by ;1.2-fold in inner tissues of upper inflorescences

in real-time quantitative PCR, consistent with microarray analy-

sis (Suh et al., 2005). In light-grown hypocotyls, PIN1 expression,

visualized with a ProPIN1:PIN1-GUS reporter, was strong at the

apex and in the vascular tissue (Figure 2A), and ProPIN1:PIN1–

green fluorescent protein (GFP) signals were restricted to the

vascular tissue below the cotyledonary node (Figure 2B). This

suggests that a PIN1 immunolocalization signal previously ob-

served in cortical and bundle sheath cells of light-grown hypo-

cotyls (Noh et al., 2003) was nonspecific. It is also somewhat

unlikely that signals observed outside the vascular strand in light-

grown hypocotyls were the result of the PIN1 antiserum cross-

reacting with PIN7, because, although PIN7 is expressed in these

tissues (Figure 2C), ProPIN7:PIN7-GFP exhibits an apolar local-

ization in these tissues (Figure 2D).

As was seen with PGP19, PIN1 expression increased in dark-

grown seedlings (P < 0.05; Figure 2E). In dark-grown seedlings,

PIN1 signal was observed in the vascular parenchyma and

epidermis of the shoot apical hook (Figure 2F) and in the vascular

parenchyma and the adjacent cortical cells in the mid hypocotyl

(Figure 2G), consistent with previous reports (Blakeslee et al.,

2004). Therefore, direct subcellular interactions of PIN1 and

PGP19 are likely only at the shoot and root apices and in bundle

sheath cells of dark-grown hypocotyls.

Colocalization: Overlapping Patterns of Expression

and Localization

The expression patterns of PGP1, PGP19, PIN1, and PIN2 in

roots from the AREX database (www.arexdb.org; Birnbaum

et al., 2003) are presented in Figure 3A. PIN1 and PGP19

expression patterns appeared to overlap strongly in the stele

and endodermis. In the cotyledonary node and upper hypocotyl,

PIN1 and PGP19 expression overlapped in vascular and bundle

Figure 2. PIN1 Localization in Light- and Dark-Grown Seedlings.

(A) ProPIN1:GUS activity is observed at the shoot apex, in vascular tissue,

and in the root tip of a light-grown seedling.

(B) ProPIN1:PIN1-GFP fluorescence is observed in the xylem parenchyma

in hypocotyl and root tip in a light-grown seedling. MH, mid hypocotyl.

(C) ProPIN7:PIN7-GUS activity is observed at the node and throughout

the hypocotyl in a dark-grown seedling. The abundance of PIN7 in leaf

cells may contribute to the substrate specificity seen in protoplast

transport assays (Geisler et al., 2005).

(D) ProPIN7:PIN7-GFP fluorescence is apolar in the epidermis of hypo-

cotyls (top) and cotyledons (bottom).

(E) Expression of PGP19 and PIN1 in 5-d-old light- and dark-grown

seedlings. The light-grown value was set to 100% for each gene. Data

are means 6 SD (n ¼ 3). * P < 0.05.

(F) ProPIN1:PIN1-GFP fluorescence is observed in the xylem parenchyma

and epidermis in the apical hook of a dark-grown seedling.

(G) ProPIN1:PIN1-GFP fluorescence is observed in the xylem parenchyma

and adjacent cortical cell (arrow) in the hypocotyl of a dark-grown

seedling.

Bars ¼ 100 mm.
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sheath tissues in light- and dark-grown seedlings (Figures 1A,

1C, 2A, and 2F).

PGP19, PIN1, and PIN2 were coimmunolocalized in roots and

hypocotyls. PGP19 and ProPIN1:PIN1-GFP signals overlapped in

the stele, endodermis, and pericycle of roots (Figure 3B).

ProPGP19:PGP19-hemagglutin (HA) and PIN1 signals were similar

to those with the native PGP19 antibody and ProPIN1:PIN1-GFP,

although the signal in the stele was reduced; a detail of the

coimmunolocalization in roots is shown in Figure 3C.

ProPGP19:PGP19-HA and PIN2 signals overlapped in cortical

cells in the root (Figure 3G). As a control, ProPGP19:PGP19-HA

was coimmunolocalized with plasma membrane Hþ-ATPase

(AHA), and the signals overlapped in the root epidermal, cortical,

and endodermal cells (Figure 3H).

Although PIN1 and PGP19 expression overlap at the node and

vascular tissue in hypocotyls, in the mid hypocotyl of light-grown

seedlings, polar PGP19 signals in bundle sheath and cortical

cells did not overlap with ProPIN1:PIN1-GFP signals that were

restricted to vascular parenchyma cells (Figure 3D). In addition to

polar localization, a weaker PGP19 localization was observed on

lateral membranes in cortical cells in hypocotyls (Figure 3D),

where PIN3 was previously localized (Friml et al., 2002b). This

finding suggests possible interactions with PIN3-mediated redi-

rection of auxin from bundle sheath to vascular transport

streams; those interactions are currently being pursued in the

context of phototropic bending.

PGP1, PIN1, and PIN2 were also coimmunolocalized in roots.

ProPGP1:PGP1-cmyc signal overlapped with PIN1 in stelar tis-

sues between the lateral root cap and the distal elongation zone

of the root (Figure 3E) and with PIN2 signal in cortical and

epidermal cells in the same region (Figure 3F). This suggests that

possible PGP1–PIN interactions in this region could mediate the

delivery of redirected auxin accumulated in the lateral root cap by

AUX1 and PGP4 to the elongation zone. Consistent with this

function, auxin transport from the root apex has been shown to

be reduced in this region in pgp1 mutants (Geisler et al., 2005).

Genetic Analysis Suggests Both Additive and Synergistic

Auxin Transport Mechanisms

Crosses of pgp with pin mutants were made to determine

whether there was a genetic interaction affecting shoot pheno-

types. The phenotypes of the wild type and the single mutants

are presented in Figures 4A to 4C. The wild-type plants had

extended inflorescence stems as well as axillary and secondary

inflorescences, rosette and cauline leaves were present and

numerous, and flowers and siliques were present (Figure 4A).

pgp1 pgp19 plants were dwarfed with short inflorescences,

reduced axillary and secondary inflorescences, and reduced

numbers of rosette and cauline leaves, which were smaller and

curled; flowers and siliques were present (Figure 4B). pin1

Figure 3. Overlapping Patterns of Expression and Localization.

(A) Heat map of root tips from the AREX database (www.arexdb.org)

showing the expression of PGP1, PGP19, PIN1, and PIN2. Relative

expression is proportional to color intensity.

(B) to (H) PGP localizations are shown in red; PIN and ATPase localiza-

tions are shown in green; colocalization is shown in yellow. All images

show coimmunolocalizations in 5-d-old light-grown seedlings. Bar ¼
50 mm.

(B) PGP19 and ProPIN1:PIN1-GFP in the root.

(C) ProPGP19:PGP19-HA and PIN1 in the root. s, stele; p, pericycle; e,

endodermis; c, cortex. ProPGP19:PGP19-HA complements the pheno-

type of pgp19. The PGP19-HA construct was used previously by

Petrášek et al. (2006).

(D) ProPGP19:PGP19-HA and PIN1 in the hypocotyl.

(E) ProPGP1:PGP1-cmyc and PIN1 in the root.

(F) ProPGP1:PGP1-cmyc and PIN2 in the root.

(G) ProPGP19:PGP19-HA and PIN2 in the root.

(H) ProPGP19:PGP19-HA and plasma membrane (PM) ATPase in the root.
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mutants had a single pin-formed inflorescence stem, reduced

secondary but no axillary inflorescences, wild type–like rosette,

leaves, and no cauline leaves, flowers, or siliques (Figure 4C). The

phenotypes of the single mutants were consistent with previ-

ously published reports (Okada et al., 1991; Gälweiler et al.,

1998; Noh et al., 2001).

The pin1 pgp19 double mutants had a single pin-formed

inflorescence, no axillary or secondary inflorescences, and no

flowers, siliques, or cauline leaves. They also had dwarf stature,

reduced number of rosette leaves that were curlier than pgp19 or

pgp1 pgp19 leaves, altered leaf margins, and occasionally more

trichomes (Figures 4D and 4E). Reductions in leaf number were

Figure 4. Phenotypes of pgp pin Mutants.

(A) Wild-type Columbia (Col-0) plant.

(B) pgp1 pgp19 plant.

(C) pin1 plant.

(D) pin1 pgp19 plant

(E) Another pin1 pgp19 plant.

(F) pin1 pgp1 pgp19 plant.

(G) Another pin1 pgp1 pgp19 plant.

(H) Root phenotypes of the wild type, pgp1 pgp19, pin2, and pin2 pgp1 pgp19. The number of roots in 308 sectors of a circle were counted and

expressed as a percentage of the total number of roots. Vertical position represents normal gravitropic response. Values were calculated using 40

seedlings per experiment.

Bar ¼ 5 cm in (A) to (G) and 1 cm in (H).
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also observed in pin1 as1 mutants not observed in the single

mutants, because ASYMMETRIC LEAVES1 (AS1) and PIN1 are

functionally redundant in leaf initiation (Hay et al., 2006). The pin1

pgp1 pgp19 triple mutants showed increased dwarf stature, loss

of apical dominance, fused cotyledons, reduced number of

rosette leaves, and curlier leaves with altered leaf margins

(Figures 4F and 4G). Alterations in leaf margin phenotypes

were observed in the double and triple mutants not observed in

pin1 or pgp19 alone, consistent with leaf margin phenotypes in

other mutants with perturbed local auxin gradients (Hay et al.,

2006). Flowers develop in pin1 pgp1 pgp19 plants, unlike in pin1

or pin1 pgp19 (Figure 4G), suggesting that the loss of PGP1 is

epistatic to PIN1 in the shoot apex, as it partially restores floral

development, presumably as a result of ectopic auxin accumu-

lation in the shoot apical meristem. This partial floral rescue is

similar to that in pin1 bp double mutants (Hay et al., 2006),

suggesting that the altered local auxin accumulations in pin1

pgp1 pgp19 may affect BREVIPEDICELLUS (BP) expression.

Crosses of pin2 with pgp mutants were also made to deter-

mine whether there was a genetic interaction affecting root

gravitropic phenotypes. Gravitropic bending is only slightly af-

fected in pgp19 (Geisler et al., 2005), pgp1 has no detectable

gravitropic phenotype (Noh et al., 2003), and pin2 is agravitropic

(Chen et al., 1998; Luschnig et al., 1998). In our hands, single pin

and single or double pgp mutations exhibited only partial defects

in gravitropic growth (Figure 4H). However, the pin2 pgp1 pgp19

triple mutant exhibited completely agravitropic root growth (Fig-

ure 4H), similar to what is seen in aux1 (Swarup et al., 2005). This

finding suggests a synergistic interaction of PIN2 and PGPs in

the root.

Loss of PIN1 or PGP19 Results in Decreased Transport

Specificity in Planta

In whole plant auxin transport assays, BA is generally used as a

control, because it is a weak organic anion that is poorly

transported (Geisler et al., 2005). We had previously found that

heterologous expression of PIN1, PIN2, PGP1, and PGP19 in

nonplant systems activated increased levels of BA transport,

suggesting that factors present in plants conferred additional

auxin substrate specificity (Geisler et al., 2005; Bouchard et al.,

2006; Petrášek et al., 2006). We reexamined basipetal BA

transport in the wild type and pin1, pgp1, and pgp19 mutants

to ascertain whether the loss of one of these transport compo-

nents resulted in increased BA transport. Basipetal BA transport

in wild-type and pgp1 seedlings was ;5% of IAA transport but

was enhanced significantly in pin1 and pgp19 (P < 0.05; Figure 5).

These results indicate that the absence of either PIN1 or PGP19

in planta reduces the substrate specificity of the transported

anion, suggesting a biochemical interaction.

Biochemical Interaction Studies Suggest Specific

PIN–PGP Interactions

Two independent methods were used to determine whether

protein–protein interactions could occur between PGPs and

PINs: coimmunoprecipitation and yeast two-hybrid assays. The

identities of the proteins detected were confirmed by protein gel

blotting and mass spectral analysis.

Coimmunoprecipitation Assays

Detergent-solubilized microsomal membrane proteins (micro-

somal proteins) from wild-type seedlings were incubated with

polyclonal antiserum recognizing PGP1 and PGP19 (PGP1/19),

fractionated by fast protein liquid chromatography, and analyzed

by SDS-PAGE and protein gel blot analysis. Protein gel blot

analysis using anti-PIN1 showed a signal at ;67 kD (Figure 6A),

indicating that PIN1 coimmunoprecipitated with anti-PGP1/19.

We repeated the assay with PGP19 antiserum and saw that PIN1

coimmunoprecipitated with PGP19 (Figure 6A). As a control, we

repeated the assays using plasma membrane ATPase AHA2

antiserum, and PIN1 did not coimmunoprecipitate (Figure 6A).

Additional controls included coimmunoprecipitations with PIN1,

PGP19, and PGP1/19 antisera in the pgp19, pgp1 pgp19, and

pin1 mutant backgrounds; no signals were observed (see Sup-

plemental Figure 2A online), indicating specificity of the antisera.

Microsomal proteins from Pro35S:PGP19-HA transformants

were incubated with PIN1 antiserum, and protein gel blots

showed an ;136-kD signal with anti-HA, indicating that

PGP19-HA coimmunoprecipitated with PIN1 (Figure 6B). Recip-

rocal coimmunoprecipitations of microsomal proteins from

PGP19-HA overexpression lines were performed using anti-

HA, and protein gel blots probed with PIN1 antiserum showed a

signal at ;67 kD (see Supplemental Figure 2B online), support-

ing PIN1 and PGP19-HA coimmunoprecipitation. As a control,

the supernatants and microsomal proteins from PGP19-HA and

wild-type detergent-solubilized membranes were incubated with

Figure 5. Substrate Specificity in Planta.

[3H]BA transport in wild-type (Ws), pgp1, pgp19, and pin1 seedlings.

Data are means 6 SD and are expressed as percentages of wild-type

values (n ¼ 3). * P < 0.05.
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anti-HA, and no PIN1 signal was observed on the protein gel

blots (see Supplemental Figure 2B online). As we were con-

cerned that using PGP19-HA overexpression transformants for

coimmunoprecipitation experiments might provide biased re-

sults, we repeated the experiments with ProPIN1:PIN1-GFP

transformants. Microsomal proteins from ProPIN1:PIN1-GFP

transformants were incubated with GFP antiserum, and the

protein gel blots showed a signal with anti-PGP19 (Figure 6B).

No signal was obtained when the experiments were repeated

with wild-type microsomal proteins (see Supplemental Figure 2B

online). This finding indicates that PIN1-GFP coimmunoprecipi-

tated with PGP19.

Because the PGP1/19 antiserum reacts with both PGP1 and

PGP19, we investigated PGP1 and PIN1 interactions. Micro-

somal proteins from ProPGP1:PGP1-cymc were incubated with

cmyc antiserum. Protein gel blots probed with anti-PIN1 showed

an ;67-kD signal (Figure 6C), indicating that PGP1-cmyc and

PIN1 coimmunoprecipitated. As a control, protein gel blots were

probed with AHA2, and no signal was observed (Figure 6C).

Coimmunoprecipitation assays with PGP19, PGP1, and PIN2

were also conducted, and no signal was observed. Additionally,

no signal was observed in coimmunoprecipitations with PGP4

and PIN1 or PIN2. These data suggest that PIN1 interacts with

both PGP1 and PGP19.

Yeast Two-Hybrid Assays

The protein–protein interactive domains were mapped using

yeast two-hybrid analyses. Yeast two-hybrid assays were per-

formed with the C-terminal domain of PGP19, which has been

shown to be a protein–protein interactive domain (Geisler et al.,

2003), and the soluble loop regions of PIN1 and PIN2 (Figure 6D).

PIN1 and PIN2 expression in yeast was confirmed by protein gel

blots (see Supplemental Figure 2C online). When PIN1 and PIN2

were used as bait, an interaction with PGP19 was observed in

both growth and a-galactosidase activity assays (Figure 6D). The

Figure 6. Protein–Protein Interactions Are Indicated in Coimmunoprecipitation and Yeast Two-Hybrid Assays.

(A) to (C) Coimmunoprecipitation assays.

(A) Detergent-solubilized proteins from 5-mg microsomal membranes from the wild type (Ws) immunoprecipitated (IP) with PGP1/19 antiserum (which

strongly binds PGP1 but PGP19 less strongly; left), PGP19 antiserum (middle), or AHA2 antibody (right) as a control. The blots were probed with PIN1

antibody. PGP1/19, PGP19, and PIN1 coimmunoprecipitated. Samples were run on 12% gels.

(B) Detergent-solubilized proteins from 10-mg microsomal membranes from Pro35S:PGP19-HA transformants coimmunoprecipitated with PIN1

antiserum (left). In the reciprocal experiment, PGP19 coimmunoprecipitated with PIN1-GFP in ProPIN1:PIN1-GFP transformants (right). Samples were

run on 8% gels.

(C) Detergent-solubilized proteins from 10-mg microsomal membranes from ProPGP1:PGP1-cmyc transformants immunoprecipitated with cmyc

antibody and probed with either PIN1 (left) or AHA2 (right) antiserum as a control. PGP1-cmyc coimmunoprecipitated PIN1 but not AHA2. A nonspecific

band is observed on both blots. Coimmunoprecipitations are not quantitative. Samples were run on 8% gels.

(D) Yeast two-hybrid assays. Soluble loops of PIN1, PIN2, and the C terminus of PGP19 were used in yeast two-hybrid interaction assays and growth

and a-galactosidase assays for MEL1 reporter gene expression. Empty binding domain (BD) or activation domain (AD) vectors were transformed with

PGP19-AD vector or PGP19-BD vector, respectively, as negative controls. AD and BD constructs for reverse assays were also analyzed, and the results

were the same as the data presented. In addition, the PIN-AD and PIN-BD assays showed no growth or a-galactosidase activity. Three transformants

from 10 independent transformations for each pair of constructs were analyzed. Values shown are means 6 SD (n ¼ 2). * P < 0.001, as determined by

Student’s t test.
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Figure 7. Coexpression of PIN and PGP Transporters Increases Substrate Specificity, Inhibitor Sensitivity, and Efflux.

(A) to (F) Efflux of radiolabeled substrates from HeLa cells expressing PGP1, PGP19, PIN1, or PIN2. Data are means with sum SD (n ¼ 3).

(A) Net efflux of [3H]IAA, [3H]IAA in the presence of NPA, or [3H]BA in HeLa cells expressing PGP1, PGP19, PIN1, PIN2, and AUX1. Baselines from a new

set of experiments are presented only for the purpose of comparison with coexpression studies. Data for PGP1 and PIN2 were originally published by

Geisler et al. (2005) and Petrášek et al. (2006). Efflux of substrates by PGP1 and PGP19 were significantly different from empty vector values (P < 0.05),

and NPA inhibition of IAA efflux by PGP19 was significantly different compared with IAA alone (P < 0.05). BA efflux by PIN1 was significantly different

from empty vector values (P < 0.05), as was IAA efflux by PIN2 (P ¼ 0.05).
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reverse assays using PGP19 as bait confirmed an interaction.

Neither growth nor a-galactosidase activity was detected in

negative controls using PGP19, PIN1, or PIN2 in the activation

domain or the binding domain with empty vector in assays.

Interactions between full-length PGP19 and PIN1 could not be

tested in the split-ubiquitin system because PGP19 is not prop-

erly expressed in yeast as a result of hyperglycosylation (Noh

et al., 2001; Geisler et al., 2005). In contrast with PGP19, no

interactions were observed in yeast two-hybrid assays using the

C-terminal region of PGP1 or PGP4 and the soluble loop of the

PIN1 or PIN2 proteins. No interactions were observed in yeast

two-hybrid assays using nucleotide binding fold 1 of PGP1,

PGP4, or PGP19 with the soluble loop of PIN1 or PIN2. These

results support the notion that PGP19 and PIN1 can interact and

that PGP19–PIN interactions may be more specific than PGP1–

PIN1 interactions (Noh et al., 2003).

Functional Interactions in Heterologous Systems

We investigated whether the observed protein–protein interac-

tions had functional implications by coexpressing PGP and PIN

proteins in the HeLa and yeast heterologous systems used

previously to demonstrate transport activity (Geisler et al., 2005;

Teresaka et al., 2005; Bouchard et al., 2006; Petrášek et al.,

2006). Immunolocalizations confirmed that proteins expressed in

HeLa cells were present on the plasma membrane (see Supple-

mental Figures 3A and 3B online), and fluorescence-activated

cell sorting assays confirmed that cells expressing or coex-

pressing PGPs and PINs did not transport Hs MDR substrates

(see Supplemental Figure 3C online). The substrate efflux profiles

of PGP1, PGP19, PIN1, and PIN2 expressed in the HeLa system

are presented in Figure 7A for reference. In the HeLa system

PGP1, PGP19, and PIN2 mediated the efflux of the natural auxins

IAA and BA, and IAA efflux was reduced in the presence of

naphthylphthalamic acid (NPA) (Figure 7A). PIN1 did not mediate

IAA efflux, but it did mediate BA efflux, like PGP1, PGP19, and

PIN2 (Figure 7A). Substrate specificity was further analyzed

using the synthetic auxin analog 1-naphthaleneacetic acid

(1-NAA), and PGPs and PINs showed poor efflux of 1-NAA, in-

dicating low affinity for 1-NAA compared with IAA (Figure 7B).

When PIN1 was coexpressed with PGP1 or PGP19 in HeLa

cells, IAA efflux increased by ;1.8- or ;2-fold, respectively,

compared with when the proteins were expressed alone (Figure

7C), indicating a synergistic interaction between PIN1 and PGP1

or PGP19. No IAA efflux occurred in the presence of NPA, and no

BA efflux was observed (Figure 7C). Therefore, coexpression

enhanced both inhibitor sensitivity and substrate specificity,

supporting a functional interaction between PIN1 and PGP1 or

PGP19.

By contrast, when PIN2 was coexpressed with PGP1 or

PGP19 in HeLa cells, IAA efflux was reduced (27 and 47%,

respectively) compared with the sum of the transport activities

observed when each protein was expressed alone (Figure 7D).

IAA efflux was inhibited in the presence of NPA, but the sensitivity

to the inhibitor was not enhanced by coexpression. However,

substrate specificity was still enhanced, as BA efflux was neg-

ligible (Figure 7D).

To further investigate whether the functional activity of PGP–

PIN pairings was specific or nonspecific, we coexpressed PIN1

and PIN2 with PGP4. PGP4 localization does not coincide with

PIN1 but does coincide with PIN2 localization in three cell stories

in the central elongation zone (Müller et al., 1998; Steinmann

et al., 1999; Terasaka et al., 2005). When PGP4 and PIN1 were

coexpressed in HeLa cells, IAA efflux was observed (Figure 7E).

This finding indicates that PIN1 interaction with PGP4 reversed

PGP4 uptake transport activity. Coexpression of PGP4 and PIN2

enhanced auxin retention by approximately threefold compared

with PGP4 expressed alone (Figure 7E). This suggests that a syn-

ergistic interaction between these proteins can occur, similar to

that observed with PIN1 and PGP1 or PGP19. These data suggest

that, in specific tissues in which PINs and PGPs colocalize sub-

cellularly, specific interactions can occur; they also suggest that

PIN proteins may regulate the directionality of PGP-mediated

cellular transport across the plasma membrane in those tissues.

Figure 7. (continued).

(B) [3H]1-NAA export by PGP1, PGP4, PGP19, PIN1, and PIN2. PIN1 specificity for 1-NAA was not different from IAA. PGPs and PIN2 had less affinity for

1-NAA than for IAA.

(C) Net efflux of [3H]IAA, [3H]IAA in the presence of NPA, or [3H]BA in HeLa cells coexpressing PIN1 with PGP1 or PGP19. IAA efflux by PIN1þPGP1 or

PGP19 was significantly different from that of each protein alone (P < 0.05). NPA inhibition of IAA efflux by PIN1þPGP1 or PGP19 was significantly

different compared with IAA alone (P < 0.05). BA efflux was not different from empty vector values (P > 0.05).

(D) Net efflux of [3H]IAA, [3H]IAA in the presence of NPA, or [3H]BA in HeLa cells coexpressing PIN2 with PGP1 or PGP19. IAA efflux by PIN2þPGP1 or

PGP19 was significantly different from that of each protein alone (P < 0.05). NPA inhibition of IAA efflux by PIN2þPGP1 or PGP19 was significantly

different compared with IAA alone (P < 0.05). BA efflux was not different from empty vector values (P > 0.05).

(E) Net efflux of [3H]IAA in HeLa cells coexpressing PGP4 with PIN1 or PIN2. Coexpression of PGP4 with PIN1 reversed PGP4-mediated influx, resulting

in auxin efflux. Coexpression of PGP4 with PIN2 led to a synergistic increase in auxin influx. IAA efflux by PGP4 was significantly different from that of

empty vector alone (P < 0.05). IAA efflux by PGP4þPIN1 or PIN2 was significantly different compared with each protein alone (P < 0.05).

(F) Net efflux of [3H]IAA in HeLa cells expressing AUX1, PGP1, or PGP4. AUX1 expressed in HeLa cells mediated IAA influx. When AUX1 was

coexpressed with PGP4, an additive effect on net IAA influx was observed. When AUX1 was coexpressed with PGP1, net IAA transport was not

observed.

(G) and (H) Efflux of radiolabeled IAA and BA from yeast cells expressing PGP1, PIN1, or PIN2. Data are means with SE (n ¼ 5 for IAA and n ¼ 3 for BA).

(G) Net [3H]IAA export in yeast cells expressing PIN1, PIN2, or PGP1 or coexpressing PGP1 with PIN1 or PIN2. Coexpression of PGP1 with PIN1

synergistically increased auxin efflux, whereas coexpression of PGP1 with PIN2/AGR1/EIR1 led to decreased auxin efflux.

(H) Net [14C]BA export in yeast cells expressing PIN1, PIN2, or PGP1 or coexpressing PGP1 with PIN1 or PIN2. Cells coexpressing PGP1 with PIN1 or

PIN2 exhibited reduced BA efflux.
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We also investigated whether the auxin influx carrier AUX1

could interact with PINs or PGPs. No interactions between

AUX1–yellow fluorescent protein and PIN1 or PIN2 or PGP1,

PGP4, or PGP19 were observed in coimmunoprecipitation

assays, although occasionally a weak PIN1 signal was seen

from coimmunoprecipitation with AUX1–yellow fluorescent pro-

tein from root tissues. Yeast two-hybrid assays of AUX1 (full-

length AUX1 in the split-ubiquitin system, and C- and N-terminal

domains of AUX1 in the GAL4 system) with soluble loops of PIN1

or PIN2 and C-terminal regions PGP1, PGP4, or PGP19 were

inconclusive. AUX1-expressing HeLa cells mediated IAA influx

(Figure 7F), consistent with previous results (Yang et al., 2006).

When AUX1 was coexpressed with PGP4, an additive effect on

net IAA influx was observed (approximately the sum of each

expressed alone), but when it was coexpressed with PGP1, net

IAA transport was not observed (Figure 7F). These data suggest

that AUX1-mediated auxin transport does not involve direct PIN

or PGP interactors.

When coexpression studies were recapitulated in the yeast

Saccharomyces cerevisiae with greatly reduced background

ABC transporter activity (Geisler et al., 2005; Petrášek et al.,

2006), PIN1-mediated IAA export in yeast cells was negligible,

whereas PIN2 and PGP1 had higher levels of IAA export (Figure

7G); protein gel blot analysis confirmed that PIN1 and PIN2 were

expressed in yeast (see Supplemental Figure 3D online). Con-

sistent with the net efflux observed in HeLa cells, coexpression of

PGP1 and PIN1 synergistically increased IAA export in yeast

cells (169% of the sum of each expressed alone), whereas

coexpression of PGP1 and PIN2 was antagonistic (49% of the

sum of each expressed alone) (Figure 7G).

As seen in HeLa cells, yeast cells expressing PIN1 alone

exported more BA than PGP1 or PGP19, suggesting PIN1

activation of endogenous organic anion transporters or mono-

carboxylic acid transporters; PIN2 export of BA was low, as in

HeLa cells (Figure 7H). Coexpression of PGP1 with PIN1 or PIN2

reduced BA export (49 and 66%, respectively, of the sum of each

expressed alone), suggesting that coexpression imparted in-

creased substrate specificity. PGP19 is not expressed properly

in S. cerevisiae as a result of hyperglycosylation (Noh et al., 2001;

Geisler et al., 2005).

Substrate specificity in HeLa cells was examined in competi-

tion and inhibition assays. In HeLa cells expressing PGP19 and

PIN2, BA partially competed with IAA efflux (see Supplemental

Figure 3E online). However, PGP19 mediated BA efflux to a

greater extent than PIN2, suggesting that PIN2 has greater

specificity for IAA than does PGP19. Another concern was that

HeLa cells have background organic ion transporter (OAT) ac-

tivity (Campbell et al., 2004; Wang et al., 2005) that might

contribute to increased auxin efflux when PIN2, PGP1, or

PGP19 is expressed in these cells (Geisler et al., 2005; Bouchard

et al., 2006; Petrášek et al., 2006). In the empty vector, the

OAT inhibitor cardio green resulted in a 14 6 8.4% increase in

IAA retention. Cardio green inhibited IAA efflux by ;17% in

PGP19 (similar to empty vector) and by ;56% in PIN2 com-

pared with the untreated respective controls (see Supplemental

Figure 3E online). This finding indicates that PIN2 not only

mediated IAA efflux but also activated an endogenous OAT

activity in HeLa cells. As OAT orthologs are found in Arabi-

dopsis, the impact of PIN activation of these transporters is

unclear.

DISCUSSION

The results presented here support a model wherein PINs, PGPs,

and AUX/LAX proteins define independent auxin transport

mechanisms that function coordinately in planta. Although all

PINs and PGPs (except PIN2) exhibit both polar and apolar

subcellular localization, PINs are clearly the primary determi-

nants of the directional auxin movement required for polar

embryonic development, organ formation, and phyllotaxy.

PGPs make a primary contribution to the export of auxin from

apical tissues and play a major role in directing long-distance

auxin transport in mature plants. Although PIN4 has been iden-

tified as a potential auxin sink in Arabidopsis roots (Friml et al.,

2002a), all available data suggest that AUX/LAX proteins and, to

a lesser extent, PGP uptake transporters such as PGP4 generate

physiologically relevant auxin sinks required for the maintenance

of auxin flow (Swarup et al., 2005; Terasaka et al., 2005). AUX1

appears to function independently, but specific PIN–PGP pair-

ings influence polar auxin movement by enhancing substrate

specificity and modulating rates of cellular auxin movement.

Analysis of expression, localization, and mutant phenotypes

suggests that PINs and PGPs interact in planta. The absence of

both PGP19 and PIN1 increased aberrant shoot morphology,

and the absence of either decreased substrate specificity. Some

PIN–PGP interactions, such as those between PIN1 and PGP19,

appear to involve direct contacts between the proteins. How-

ever, localization studies suggest that such direct interactions

are tissue-dependent. In subnodal light-grown hypocotyls, for

instance, PGP19 localized in bundle sheath cells appears to

function coordinately in redirecting auxin into the PIN1-mediated

stream associated with vascular tissues, but it does not appear

to contact PIN1 directly. Analyses of auxin movement in the wild

type and pin1, pgp1, and pgp19 suggests that PGP19 exclusion

of auxin from cells surrounding the vascular cylinder enhances

polar flow but also serves to export auxin to cortical tissues when

auxin reaches a threshold level. The extent to which these

functions contribute to the lateral redistribution of auxin in tropic

bending (Noh et al., 2003) and lateral root formation is still not

clear. It is also not yet determined whether interactions with PIN3

(Friml et al., 2002b) contribute to this PGP19-mediated activity.

However, in dark-grown and apical tissues, the subcellular

coincidence of PIN1 and PGP19 is consistent with more direct

interactions. As the coexpression of PINs and PGPs in heterol-

ogous systems results in enhanced inhibitor sensitivity, it is

tempting to speculate that increased overlap of PIN1 and PGP19

expression in dark-grown Arabidopsis hypocotyls contributes to

enhanced transport capability and the decreased growth inhibi-

tion by NPA (Jensen et al., 1998). However, as NPA inhibition of

auxin transport in dark-grown hypocotyls has yet to be success-

fully assayed under nonphotomorphogenic conditions, a direct

connection remains speculation.

Heterologous coexpression of PGP19 and PIN1 resulted in

substrate specificity similar to that observed in whole plants and

resulted in approximately twofold IAA transport compared with

PGP19 alone. This finding suggests that where PIN1 and PGP19
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colocalize, the rate of auxin transport can be greater than with

either one alone. This synergistic effect may be enhanced by

increased PIN1 stability on the plasma membrane observed in

the presence of PGP19 (Noh et al., 2003). An increased rate of

transport out of certain tissues has physiological relevance:

PGP19 appears to function in auxin efflux out of the stele, and

colocalization with PIN1 in the endodermis and pericycle would

enhance this activity and serve as a component of an auxin reflux

fountain model (Hasenstein and Evans, 1988; Wolverton et al.,

2002; Swarup et al., 2004). Increased directional efflux within

stelar tissues at the root tip would serve to enhance the polar

auxin transport from the shoot apex and to increase the supply of

auxin available for redirection within the lateral root cap (Swarup

et al., 2005; Terasaka et al., 2005; Wisniewska et al., 2006).

Interactions between PGP1, PIN1, and PIN2 may be indirect,

involve other domains of the proteins, or require partners other

than PIN1 or PIN2, especially as the C-terminal regions of PGP1

and PGP19 interact with different protein domains of the im-

munophilin TWISTED DWARF1 (TWD1) (Geisler et al., 2003;

Bouchard et al., 2006). PGP1 and PGP19 were also previously

shown to interact with the glycosylphosphatidylinositol-anchored

fascilin-like arabinogalactan protein FAGP2 (Murphy et al.,

2002). However, yeast three-hybrid assays and coimmunopre-

cipitations with TWD1, FAGP2, PGP1, PGP19, PIN1, and PIN2

yielded either negative or inconclusive results. Coimmunopreci-

pitation and yeast two-hybrid results also suggest that other

factors (protein, lipid, cytoskeleton, or cell wall) contribute to

PGP–PIN interactions (Butler et al., 1998; Geisler et al., 2003;

Pohl et al., 2005), and it is likely that PIN–PGP interactions are

regulated by protein modification events such as phosphoryla-

tion (Friml et al., 2004; Nuhse et al., 2004).

As both PGP and PIN proteins have distinct localization

patterns, and each protein is expected to contribute to a dis-

crete, tissue-specific auxin transport stream, it will be necessary

to develop a more complete map of PIN and PGP distribution

within plant tissues. The Arabidopsis PIN gene family consists of

8 members and the PGP family consists of 21 members, all with

overlapping expression patterns (Martinoia et al., 2002; Jasinski

et al., 2003; Paponov et al., 2005). The evidence presented here

and elsewhere (Noh et al., 2001; Peer et al., 2004; Geisler et al.,

2005; Paciorek et al., 2005) also indicates that both PGP and PIN

gene expression and consequent protein distribution are regu-

lated by light and other factors. It is also likely that specific PGP–

PIN interactions occur in cells in which both components are

expressed and that other factors, such as TWD1, may regulate

those interactions. Furthermore, the results presented here

suggest that colocalization should not be the only criterion for

positive interaction, as coexpression inhibited activity in some

cases. Now that methods are in place to assay auxin transport

activity (Geisler et al., 2005; Terasaka et al., 2005; Petrášek et al.,

2006; Yang et al., 2006), every PIN and PGP must be assayed

both individually and when coexpressed to determine the extent

to which it contributes to auxin movement in planta. This infor-

mation can be compared with the analysis of auxin transport and

auxin-related growth phenotypes in mutants and used to con-

struct a dynamic model of auxin transport that includes chemi-

osmotic and other regulatory factors (Li et al., 2005; Kramer,

2006).

METHODS

Real-Time Quantitative PCR

Real-time quantitative PCR was as described previously (Peer et al.,

2004). Arabidopsis thaliana seedlings were grown as described by

Murphy and Taiz (1995). Epidermal peels of upper inflorescence stems

were prepared as described by Suh et al. (2005).

In Situ Hybridization

The method used was described by Grigg et al. (2005). PGP19 cDNA was

cloned into pBluescript SKþ, and sense and antisense PGP19 probes

were prepared. Sections of 5-d-old dark- and light-grown seedlings were

probed. Hybridization was visualized by digoxigenin labeling.

Immunolocalization

ProPIN1:PIN1-GFP (Benkova et al., 2003) seedlings were grown in the

dark, and visualization was performed as described previously (Noh et al.,

2003; Blakeslee et al., 2004), except that the seedlings were not fixed

before imaging. Immunolocalizations in roots using the Triton X-100

series were performed according to the protocols of Peer et al. (2004). For

PGP19 localization, the anti-PGP19 antibody was used at 1:800 dilution.

ProPIN1:PIN1-GFP seedlings were used for coimmunolocalization of PIN1

and PGP19 according to the protocol described by Peer et al. (2004).

Whole mount immunolocalization was performed on 3- to 4-d-old

seedlings grown vertically on Murashige and Skoog plates using the

InsituPro roboter as described by Friml et al. (2003), except for using PBS

instead of microtubule stabilizing buffer. The antibodies used were PIN1

(Gälweiler et al., 1998; Paciorek et al., 2005) at a final dilution of 1:1000,

PIN2 (Müller et al., 1998) at a final dilution of 1:1000, HA.11 monoclonal

antibody (BAbCO) at a final dilution of 1:800, and Hþ-ATPase (Serrano

et al., 1991) at a final dilution of 1:500. For the secondary antibodies, anti-

rabbit fluorescein isothiocyanate and anti-mouse Cy3 (Dianova), the final

dilution used was 1:600. Images were taken on Leica TSC and Zeiss LSM

210 META confocal microscopes.

PGP19 Antibody

Polyclonal anti-PGP19 antiserum was produced from a rabbit using 63

His–tagged PGP19 fragments containing amino acids 334 to 620. Anti-

PGP19 antibodies were then purified form the antiserum using an

antigen-blotted polyvinylidene difluoride membrane (Hybond-P; Amer-

sham Biosciences). The amino acid sequence of antigen 334 to 620 is

59-AGYKLMEIINQRPTIIQDPLDGKCLDQVHGNIEFKDVTFSYPSRPDVM-

IFRNFNIFFPSGKTVAVVGGSGSGKSTVVSLIERFYDPNSGQILLDGVEIK-

TLQLKFLREQIGLVNQEPALFATTILENILYGKPDATMVEVEAAASAANAH-

SFITLLPKGYDTQVGERGVQLSGGQKQRIAIARAMLKDPKILLLDEATSA-

LDASSESIVQEALDRVMVGRTTVVVAHRLCTIRNVDSIAVIQQGQVVETG-

THEELIAKSGAYASLIRFQEMVGTRDFSNPSTRRTRS-39.

ProPGP19:PGP19-HA Construct

The genomic fragment of PGP19 (ATG to stop codon) was amplified by

error-prone PCR and cloned to pGreenII-Kan (Hellens et al., 2000)

through XhoI and XbaI sites. HA tag was introduced on the C terminus

of the protein on the reverse primer. The 2-kb fragment of the PGP19

promoter was amplified by PCR and cloned to ApaI and SalI sites. The

400-bp terminator region of PGP19 was amplified and cloned with BstXI

and NotI sites to create the final construct, pGreenPGP19-HA. The con-

struct was transformed to Columbia wild-type plants by the standard

floral-dip method (Clough and Bent, 1998). Transformants were selected

on Murashige and Skoog medium plates with kanamycin (50 mg/L). The

hypomorphic and epinastic phenotypes of pgp19 were complemented by
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transformation with ProPGP19:PGP19-HA, and these transformants were

used to immunolocalize PGP19.

Coimmunoprecipitation Assays

Microsomal fractions were prepared from 2 to 3 g fresh weight of 21-d-old

Arabidopsis plants and detergent-solubilized in ;1 mL of resuspension

buffer using 0.1% Brij and 0.05% CHAPS, as described previously

(Murphy et al., 2002). Solubilized proteins were incubated with anti-

PGP1/19 for 2 h at 48C. The anti-PGP1 antibody was originally raised

against a fragment of PGP1 (Sidler et al., 1998) and had broad specificity

for PGPs. However, after repurification, the antibody reacts with PGP1

and PGP19 (Geisler et al., 2003). The antibody also reacts with a 97-kD

band (Geisler et al., 2003) subsequently determined by tryptic digest and

mass spectrometry analysis to consist of truncated forms of PGP19 and

PGP4. Antibodies were conjugated to ReactiGel or protein A–Sepharose

(Pierce Biotechnology) according to the manufacturer’s protocol before

incubation. Anti-PGP19, anti-PGP4, anti-PIN1, anti-PIN2, anti-AHA2,

anti-GFP, anti-HA, and anti-cmyc were also used. The slurry was trans-

ferred to a fast protein liquid chromatography column (Pharmacia),

washed in 10 bed volumes of buffer A (10 mM BTP-MES, pH 7.8, 1 mM

DTT, 0.1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 200 ng/mL

leupeptin, and 200 mM benzamidine), and eluted using a 20-min, 0.25 mL/

min, 0 to 100% linear gradient of buffer B (1 M NaCl, 0.1 M Na-citrate, pH

3.0, 1 mM DTT, 0.1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride,

200 ng/mL leupeptin, and 200 mM benzamidine). Fractions (0.5 mL) were

precipitated with trichloroacetic acid, washed three times in acetone,

resuspended in SDS buffer, and analyzed via 10% SDS-PAGE and

protein gel blotting. The blot was probed with PIN1 antibodies from two

different sources (Gälweiler et al., 1998; Paciorek et al., 2005), which

yielded identical results.

Yeast Two-Hybrid Analysis

Constructs were designed to test the protein–protein interactions be-

tween PIN1 (At1g73590), PIN2 (At5g57090), and PGP19 (At3g28860). The

PIN2 soluble region (453 to 1509 bp) and the PIN1 soluble region (457 to

1443 bp) were amplified by PCR. The following primers were used: PIN2

(EIR1-EcoRI-5, 59-CGGAATTCCTCCGTGGGGCTAAGCTTCTCATC-39;

EIR1-PST1-3, 59-GCTGCAGTGTTAGGGTTTCGAATGAGTTTT-39); PIN1

(PIN1MID-5, 59-CCGGAATTCGAGTACCGTGGAGCTAAG-39; PIN1MID-

3, 59-CGTCTGCAGGGAGTAAGAGTTGGGATT-39). PCR products were

cloned into pGBKT7 via EcoRI and PstI restriction sites to generate GAL4

DNA binding domain fusion proteins: MID-PIN2 and MID-PIN1. To

generate GAL4 activation domain fusion partner proteins, the C terminus

of PGP19 (2893 to stop) was amplified by PCR (MDR-C-5, 59-CCG-

GAATTCGCAGCTCGAGCCGCAAAT-39; MDR-PSTI-3, 59-GCACTGCA-

GAATCCTATGTGTTTGAAG-39). The PCR product was cloned into the

pGAD424 vector (C-MDR1) as described above. Activation domain and

binding domain constructs for reverse assays were also made as de-

scribed above. Although some autoactivation of PGP19 was observed,

the interaction of PGP19 with PINs was confirmed with reverse assays.

All PCR-mediated cloned constructs were verified by sequencing. For

interaction analysis, two combinatory constructs were transformed si-

multaneously into the AH109 yeast strain (Clontech) and tested for His3þ,

Trpþ, Leuþ, and Adeþ auxotrophy and MEL1 (a-galactosidase assay)

reporter activity according to the manufacturer’s protocols.

In Planta Transport Assays

Transport Assays in Inflorescences

Inflorescence auxin transport assays of pin1-7 were as described by Noh

et al. (2001).

Transport Assays in Whole 5-d-Old Seedlings

Transport assays in seedlings were as described by Geisler et al. (2003)

with the exception that Whatman silica/cellulose paper was substituted

as noted for assays of auxin export into the nonstelar apoplast. Briefly,

;100 nM IAA, applied as a 100-nL droplet of cold IAA (1 mM) in 20%

DMSO, was placed on the root–shoot transition zone at the start of the

transport assays. Nonstelar auxin movement was assayed by collection

of discontinuous media strips supporting the mature root and counted in

a scintillation counter to measure the diffusion of [3H]IAA from cortical/

epidermal apoplast.

HeLa Cell Transport Assays

For the radiolabeled substrate accumulation assay, PGP1 (At2g36910),

PGP4 (At2g47000), PGP19 (At3g28860), PIN1 (At1g73590), PIN2

(At5g57090), and AUX1 (At5g01240) were expressed in mammalian

HeLa cells using a vaccinia virus cotransfection system providing several

advantages over other heterologous expression systems, including

proper glycosylation and suppression of host protein synthesis after

vaccinia infection (Elroy-Stein and Moss, 1990). The transient vaccinia

expression system was used because stable cell lines develop mutations

and express other endogenous drug-resistance mechanisms. Full-length

PGP1, PGP19, PIN1, PIN2, and AUX1 cDNAs were cloned into the MCS

of the pTM1 vector (Hrycyna et al., 1998). pTM1-PGP1, pTM1-PGP19,

pTM-PGP4, and pTM-PIN2 were described previously (Geisler et al.,

2005; Terasaka et al., 2005; Petrášek et al., 2006). For pTM1-PIN1, a PIN1

PCR fragment containing NcoI/BamHI restriction sites was generated

using the following primers: PIN1-S, 59-CATGCCATGGCAATGAT-

TACGGCGGCGGAC-39; PIN1-AS, 59-CGCGGATCCAGCGTAATCTGG-

TACGTCGTATAGACCCAAGAGAATGTA-39. For pTM1-AUX1, an AUX1

fragment containing NcoI/BamHI HA restriction sites was generated

using the following primers: AUX1-S, 59-CATGCCATGGGCATGTCG-

GAAGGAGTAGAA-39; AUX1-AS, 59-CGCGGATCCAGCGTAATCTGGT-

ACGTCGTAAAGACGGTGGTGTAAAGC-39. Assays for the accumulation

of radiolabeled substrates were performed according to the method

described by Geisler et al. (2005). Cells were transfected on six-well

plates with 2 mg of DNA (pTM1 control vector, PGP1, PGP19, and PGP4)

or 1.49 mg of DNA (PIN1 and PIN2) per well. The AUX1 amount transfected

was 0.781 mg of DNA per well. For coexpression experiments, wells were

transfected with 2 mg of PGP DNA and 1.49 mg of PIN DNA; the ratio of

PGP to PIN DNA was empirically determined and found to be crucial

for successful interaction.

For radiolabeled substrate accumulation assays, gradient conditions

were developed wherein radiolabeled auxin was passively accumulated

by empty vector control HeLa cells without induction of cellular damage.

Confluent cells were transfected on six-well plates, and 16 to 24 h after

transfection, cells were washed with 3 mL of prewarmed Dulbecco’s

modified Eagle’s medium and 5% fetal bovine serum. Each transfection

used 600,000 to 1,000,000 cells, and equal loading of wells was verified

by sampled cell counts. Cells counts were determined by both Coulter

counting and microscopic visualization (percentage confluence). Cells

were then incubated with 2 mL of PBS citrate buffer, pH 5.5, and 5% calf

serum containing either 10 or 62.5 nM of the following radiolabeled

substrates: [3H]IAA (specific activity, 26 Ci/mmol; Amersham Biosci-

ences), [3H]BA (specific activity, 20 Ci/mmol; American Rabiolabeled

Chemicals), or [3H]1-NAA (specific activity, 20 Ci/mmol; American Radio-

labeled Chemicals). Possibly as a result of buffer compatibility issues, it

was difficult to maintain the solubilization of 1-NAA in loading assays.

For radiolabeled auxin degradation product assays, cells were loaded

with 10 nM radiolabeled IAA breakdown products (specific activity, 25 Ci/

mmol; American Radiolabeled Chemicals). Cells were incubated with

radiolabeled substrate for 40 min at 378C and 5% CO2. For inhibitor

studies, cells were incubated with radiolabeled IAA in the presence of
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10 mM NPA. After incubation, cells were washed three times each

with 3 mL of ice-cold PBS, removed from the wells by trypsinization,

and added to 18 mL of scintillation fluid. Samples were counted in a

Perkin-Elmer scintillation counter. Components of the radiolabeled auxin

breakdown product mixture were determined and quantified via liquid

chromatography–mass spectrometry. Fluorescent substrate accumula-

tion assays were performed in the HeLa cell system as described

previously (Hrycyna et al., 1998). Data points were normalized to the

average empty control vector value of 2851.885 dpm/500,000 cells for

auxin treatments. Cell viability after treatment was confirmed visually and

via cell counting. Net efflux is expressed as dpm/500,000 cells: the

amount of auxin retained by cells transfected with empty vector minus the

amount of auxin retained by cells transfected with the gene of interest.

Reductions in auxin retention (efflux) in transfected cells are presented as

positive values, whereas increases of auxin retention are presented as

negative values. In all cases, expression and localization of expressed

Arabidopsis proteins were confirmed by RT-PCR (Peer et al., 2004) and

protein gel blotting (Hrycyna et al., 1998) using standard protocols for the

system. Substrate integrity was determined by organic phase partitioning

and mass spectral analysis.

Immunolocalization in HeLa Cells

HeLa cells were transfected as described above. Sixteen hours after

transfection, cells were harvested with a rubber policeman, spun down,

and fixed in methanol at room temperature for 10 min. Cells were

permeabilized with 0.05% Triton X-100 for 5 min, washed, and incubated

with anti-HA antibody (Roche Applied Science) or anti-PIN1 antibody

(from J. Friml) at 378C for 2 h. After primary antibody incubation, cells were

washed and incubated with secondary antibody, anti-rabbit Alexa Fluor

546 (Molecular Probes) or anti-mouse fluorescein isothiocyanate (Miles-

Yeda), for 45 min. Cells were washed, harvested, and imaged via confocal

microscopy using argon and helium-neon lasers. Bright-field images

were captured on a spot RT-CCD camera (Diagnostics).

Yeast Auxin Transport Assays

PIN1 (At1g73590) was amplified by RT-PCR from total root RNA as

described by Geisler et al. (2005) using the following primers: PIN1-RT,

59-ATAGACCCAAGAGAATGTAGTAG-39; PIN1-S, 59-ACGCTGCAGAT-

GATTACGGCGGCGGACTTC-39; and PIN1-AS, 59-ACGGTCGACTCAC-

GGCGCGCCTAGACCCAAGAGAATGTAGTA-39. PIN1 was inserted with

PstI/SalI into pAD4M (Luschnig et al., 1998), resulting in pAD4M-PIN1,

and the absence of PCR errors was verified by sequencing. Saccharo-

myces cerevisiae strain JK93da containing pNEV-PGP1 or empty vector

pNEV (Geisler et al., 2005) were transformed with pAD4M-PIN1, pADE1-

HA (Luschnig et al., 1998), or empty vector pAD4M, and single colonies

were grown in synthetic minimal medium without uracil and Leu, sup-

plemented with 2% (w/v) glucose. Auxin efflux experiments were per-

formed as described recently (Geisler et al., 2005) with the following

modifications. Cells were loaded for 15 min on ice with combinations of

1 mL/mL [5-3H]IAA (specific activity, 20 Ci/mmol; American Radiolabeled

Chemicals) and [7-14C]BA (53 mCi/mmol; Moravek Biochemicals). All

aliquots were filtered on Whatman GF/C filters and washed three times

with cold water, and retained radioactivity was quantified by scintillation

counting. All transport experiments were performed three to five times

with independent transformants, with four replicas each. Cell viability

after treatment was confirmed visually. Auxin efflux was calculated by

subtracting vector control values (dpm); net auxin efflux is expressed as

dpm/10�6 cells.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data

libraries under the following accession numbers: PGP1 (At2g36910),

PGP4 (At2g47000), PGP19 (At3g28860), PIN1 (At1g73590), PIN2

(At5g57090), and AUX1 (At5g01240).
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Plasma Membrane in HeLa cells, FACS Assays of HeLa Cells, Protein
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